Multiple images were recorded in DuPont HRF-150 photopolymer as transmission holograms by using angle multiplexing. Agreement with Kogelnik's two-wave diffraction theory for phase gratings, the time considerations and its effect on dynamic range, the necessity of a pre-illumination pulse, and good image quality at readout are reported.
Introduction
Angularly multiplexed holograms have potential applications as optical memories,' information processors, 2 and interconnections. 3 Important considerations include sensitivity, resolution, and the ability to record permanent holograms. DuPont's photopolymer HRF-150 has already been shown 4 to have excellent sensitivity and resolution for transmission holograms recorded with blue-green light. With this in mind, we show that HRF-150 is a good candidate for a practical, optical storage medium in which multiple holograms can be recorded. We report the experimental demonstration of multiple holograms recorded in HRF-150.
Experiment
Ten images were recorded by using the geometry shown in Fig. 1 . A sheet of DuPont HRF-150 photopolymer was taped to a glass plate with a centered window cut out of it and mounted on a rotation stage. The holograms were recorded with visible light (X = 488 nm) with a 900 angle between the writing beams and then fixed with UV light. First, the angular selectivity of the material was determined at 488 nm. The material was 38 jim thick and had angular selectivity (half-width measured at the first minimum) of 1, which is in good agreement with Kogelnik's two-wave theory 5 for diffraction from thick phase gratings. The equation for the diffraction efficiency from an unslanted lossless grating is
where
In the above equations, 9l is the diffraction efficiency, An is the index perturbation, n is the index of the material, X is the wavelength, 0 is the angle inside the material measured from the normal to the surface, K is the grating vector's magnitude, and d is the interaction length. Good agreement between experiment and theory for a single plane-wave hologram recorded with a 90° separation between beams outside the material (45° from the normal to the film surface) is shown in Fig. 2 . The theoretical plot was calculated using d = 39 lim, n = 1.525, K = 1.82 x 107 rad/m, An = 1.51 X 10-3, OBragg = 27.62°, and = 488 nm. The angles were adjusted to account for refraction at the surfaces. The agreement of the experiment and theory indicates two things. First, it indicates that the gratings are not due to surface deformations, which has been observed in similar materials 6 for low spatial frequency holograms. Also, it indicates that the recorded hologram is most likely a phase grating rather than an absorption grating since the diffraction efficiency of 17.1% would be too large for an absorption grating. Figure 3 shows the diffraction efficiency for ten holograms of the same image stored at ten different angular settings of the recording medium while the angles between the recording beams are kept the same. The holograms were recorded at intervals of 2° or at the second minimum of the angular selectivity curve of the adjacent holograms. The holograms were read out by blocking the object beam and by detecting the reconstructed image while rotating the sample. Notice that the first two holograms (at -10° and -8°) are weaker than the others, which indicates that exposure to light enhances the sensitivity. Figure 4 shows ten image holograms of roughly equal strength that were recorded with a 5-s preillumination pulse with 1.85 mW/cm 2 intensity 10 s before the first hologram was recorded. The holograms in Figs. 3 and 4 were recorded by using the setup in Fig. 1 ; except for the pre-illumination pulse, identical recording parameters were used. The total recording energy per hologram was 1.88 mJ/cm 2 (1-s exposure per hologram) with an object-to-referencebeam ratio of approximately 1:4.6. The time between holograms is 10 s for a total experiment run time of 120 s. The diffraction efficiency shown is calculated by dividing the diffracted light by the incident-minus-reflected-light intensities and multiplied by 100 to convert to a percentage. The preillumination pulse sensitizes the material and is necessary if the first hologram is to be recorded effectively. Since the material has a finite dynamic range, too long a pre-illumination pulse wastes dynamic range, which causes the later holograms to be weaker than previous ones. Too short of a preillumination pulse fails to sensitize the material, and the first few holograms are lost, as shown in Fig. 3 . The optical quality of the material is good, and strates that the pre-illumination pulse does use up dynamic range and increases the sensitivity for small exposures. The index perturbation was calculated by measuring the Bragg-matched diffraction efficiency ( = 0) and by solving for An in Eq. (1) . In this case the diffraction efficiency used for is diffracted light divided by transmitted light intensity, which eliminates the effects of reflection from the surface and absorption. Notice also that the saturation exposure was 20 mJ/cm 2 ; therefore each of the ten holograms should be exposed at 2 mJ/cm 2 . This is close to the actual value of 1.88 mJ/cm 2 per hologram used. Without the preillumination pulse the maximum An obtained was An 0.0028. The An we measured is lower than that reported in Ref. cycles/mm versus 1007 cycles/mm). With the preillumination pulse the saturation exposure for this material is 20 mJ/cm 2 for a Anmax = 1.7 x 10-3. In comparison, for a thick sample of BaTiO 3 7 the experimentally measured saturation exposure is approximately 100 mJ/cm 2 . Recent experiments with thin samples of BaTiO 3 8 and doped SBN 9 indicate sensitivities and An roughly equivalent to the photopolymer. Figure 7 shows the effect of extending the total run time by increasing the time between holograms from 10 s, as shown in Fig. 4, to 1 min. As the exposure time increases, the dynamic range of the material is also used up as the residual monomer is polymerized. The decrease in hologram strength owing to loss of dynamic range is evident in Fig. 7 . Therefore, not only are angular selectivity and exposure time important parameters for recording, but total run time is also. In order to maximize the number of holograms that can be stored, the total run time (Trun) should be minimized. Tn depends on tsetup (the time to present an image to the system and to change the angle) and on te (the exposure time), which varies as to/N, where to is the single hologram saturation time and N is the number of holograms. Trun can be written as
UsingN = 1000, t =etup 0.1 s, and to = 10 s, we obtain a total run time of 110 s. For a large number of holograms the setup time dominates to. However, since tsetup can be equal to 0.1 s or less, the total run time even for 1000 holograms is below the 120 s that was experimentally demonstrated. Therefore, in practice the total run time is not the limiting factor in the number of holograms that can be stored.
The factor that does limit the number of holograms that can be stored is the thickness of the current samples. Increasing the thickness of the material increases the angular selectivity and hence the storage capacity of the material. We are currently investigating methods for fabricating thick samples of the HRF-150 material. Scattering may eventually limit the maximum useful thickness of the material. As an example, let us assume that we can fabricate material that is 4 mm thick with a sufficiently low scatter level. Then, using the method presented in Ref. 10 and with a maximum index perturbation of 1 x 10-3, we predict that approximately 2,800 holograms, each with 0.01% diffraction efficiency, can be superimposed in this material. However, fabricating thick samples with good optical quality is not going to be trivial.
Conclusions
High-quality multiple holographic storage has been demonstrated in DuPont HRF-150 photopolymer. Angular multiplexing qualities have been shown to be predictable by using Kogelnik's two-wave diffraction theory. In addition, a pre-illumination pulse can be used to record equal strength holograms with the same exposure energy per hologram. Uniform diffraction efficiency for multiple holograms over a long run time can be obtained at the expense of hologram strength owing to the finite dynamic range of the material. Therefore total run time for sequential exposures is an important recording parameter and needs to be minimized. The thickness of the material is currently the limiting factor in the number of holograms that can be stored. With a large dynamic range, if it is possible to increase the thickness of the material without significantly degrading the optical quality, it might be possible for thousands of permanent holograms to be recorded with adequate diffraction efficiency.
